By using soluble fullerene derivative [60]PCBM, we improved photorefractive efficiency in polymerliquid crystal composites in comparison to previous works on similar materials. We show the effect of polymer network results in resolution and bandwidth improvements compared to pure liquid crystals. This is explained by the introduction of a charge trapping mechanism, providing a memory effect for the composite. Based on this effect, we propose an approach for designing composites with higher grating efficiency and resolution.
Introduction
Since the discovery of the photorefractive effect in liquid crystals (LC) in 1994 [1, 2] , constant advances have been achieved in their performance [3] [4] [5] [6] [7] [8] . According to past studies, the photorefractive effect in LC is due to combined effects of the photo-induced ionic generation of a space-charge field, as shown in [2] and the space-charge field resulting from dc anisotropic conductivity (Carr-Helfrich effect) [3] . Improvements were obtained mainly by reducing the intensity of the writing beams to a few milliwatts per square centimeter and the applied electric field to less than 0:1 V=μm [7, 8] . High-index modulation was obtained only for grating periods Λ x larger than the LC cell thickness d. As shown in [3] , the charge flow mechanism of the grating formation results in an index modulation maximum at Λ x ≈ 2d and sharply decreases for smaller grating periods [3, 8] . Subsequent work [5, 6] indicated that the photorefractive gratings in LC have a surface origin, which explains a sharp decrease in diffraction efficiency at small grating periods. Photorefractive LC resolution can be improved by combining them with polymers [9] [10] [11] [12] [13] [14] [15] . Pioneering work was performed in polymer dispersed liquid crystals (PDLC) [9, 11] whereas, later, mesogenic polymer was proposed [13] [14] [15] , making samples transparent and requiring lower applied voltages. The main interest of LC polymer composites is the capability of a decoupling between cell thickness and grating period, which is not possible for the surface-driven photorefractive effect in LC. In this frame, one needs to distinguish between PDLC or polymer stabilized liquid crystals (PSLC with a polymer concentration <15%) doped with charge generators (TNF, fullerene) and containing a conducting polymer matrix, such as polymethyl methacrylate (PMMA) doped with N-ethylcarbazole (ECZ) for hole transport [11, 12] and PDLC (or PSLC) doped only with charge generators [9, 10, 14, 15] . The first type of PDLC has a different mechanism of charge generation than the one for low molecular mass nematics [2, 4] . The absence of photoconductivity due to the absence of ECZ reported in [12] and the higher applied voltages of 15-50 V=μm that are required show that the polymer participates in the charge separation phenomenon. In the second PDLC type, polymer serves only as an inert matrix, whereas the charge generation mechanism is due to the interaction between low molecular mass nematics and the charge generating dopants [2, 4] .
Here we concentrate on the PSLC with an inert polymer matrix, which belongs to the second type of polymer-LC composites. We show diffraction efficiency improvements at small grating periods in comparison to previous works on similar media [9, 10] , as well as diffraction efficiency improvements compared to pure LC, highlighting the role of the polymer network. The diffraction efficiency has been shown in previous work to depend on the polymer concentration [9, 10] and the maximum efficiency was observed in the PSLC case at low polymer concentrations (5-15%) in contrast to PDLC (having LC droplets encapsulated in the host polymer, for concentrations greater than 30%). The dependence on the dopant concentration (fullerene C 60 ) was not investigated because of its low maximum solubility in PSLC composite: 0.05%. We observed that functionalized fullerene phenyl-C 61 butyric acid methyl ester ([60]PCBM; see Fig. 1 ) has a greater solubility in PSLC used in [9, 10] . This functionalized fullerene was developed for greater solubility in organic solvents, while preserving the electronic and optical properties of the parent compound C 60 , with the target of organic electronic devices [16] . Increase in charge generator concentration results, in our case, in an increase in diffraction efficiency, compared to [9, 10] , especially at small grating periods.
Material Description
The investigations were performed on a PSLC doped with [60]PCBM. The PSLC is made up of a PMMA and nematic mixture E7. The mixture provided a direct comparison with [9, 10] , where a similar mixture made of PMMA, E7, and C 60 was used. Results on PSLC are presented for a mixture (M1) made up of E7:PMMA:[60]PCBM. For a direct comparison, we prepared a mixture (M2) made up of E7:PMMA:C 60 (proportions are given Table 1 ). The C 60 concentration was not controlled and corresponded to the maximum solubility achievable at 150°C.
[60]PCBM and C 60 were obtained from Nano-C, E7 from Merck, and PMMA with a large molecular weight of ∼120k (120.000) was obtained from Sigma Aldrich. Mixtures are prepared by stirring at 150°C until the homogeneous solution was obtained. M2 was transparent at higher temperatures with undissolved particles of C 60 at the bottom, whereas M1 had a homogenous brown color. After cooling to 20°C both mixtures solidified, indicating a high influence of polymer network on the macroscopic properties. Thin PSLC films were prepared by filling empty cells with indium tin oxide (ITO)-coated electrodes by capillarity at 150°C and cooling them to room temperature. The cell thickness was controlled by spacers of 20 μm thickness. To compare with a pure LC case, we prepared a mixture (M3) made up of low molecular weight nematic LC and fullerene. We found that [60]PCBM had a higher solubility in pure LC with respect to C 60 . The concentration of fullerenes in E7 was limited to about 0.4%. The highest diffraction efficiency among the pure LC mixtures that we prepared was observed for M3, made up of E7:[60] PCBM:C 70 (concentrations given Table 1 ). E7 was obtained from Merck; C 70 from Nano-C. The mixture was stirred at 100°C before the complete dissolution of fullerenes; after cooling we observed no aggregation of nanoparticles. Higher concentrations of C 70 or [60]PCBM were possible at high temperatures, but result in fullerenes clustering at room temperature. M3 was filled by capillarity into cells with homeotropic alignment on both surfaces. The homeotropic alignment was obtained by spin coating with commercial ZLI PA 334 (Merck) according to the product specifications. Mixture behaviors with larger fullerene derivative concentrations (specifically M3) fit well with what is found in the literature [2, 3, 8] . Diffraction efficiency improvements can be well explained by fullerene concentration increases. In next sections, we present the results for a comparison between M3 and M1, to emphasize the role of the polymer network. One of the first observations of this role is the higher concentration of fullerene that we were able to dissolve in PSLC. We attribute it to the phase separated morphology that restricts clustering [60]PCBM.
A. Photoconductivity
Photoconductivity was measured (dc current) by a model 485 picoampere meter from Keithley. The dark photocurrent was measured under no illumination and the photocurrent was measured by illuminating the sample with an Arþ laser at 514 nm, with a 8 mm beam diameter. Results for M1 and M3 are displayed Fig. 1 , where the photocurrent/dark current ratio for the same sample is displayed. Conductivity under a constant electric field is proportional to the photocurrent density J ¼ σE, therefore, the photocurrent/ dark current ratio is Δσ=σ D , where Δσ is the photoconductivity and σ D is the dark state conductivity. Photocurrent and diffraction efficiency measurements were performed for M1 with an applied field of 10 V=μm. The dark current value at the same applied voltage and for the surface of 50 mm 2 was equal to 3 μA. The photocurrent for M2 was difficult to measure due to its low value and the high dark current value, probably due to the presence of impurities in commercial products. High photocurrent values compared to M1 indicate an increase in charge generation due to higher fullerene concentration. The dark current and the photocurrent for M3 were measured with an applied electric field of 0:2 V=μm. The dark photocurrent for a surface of 50 mm 2 equaled 40 nA. Photocurrent increases with an intensity increase, roughly in proportion to the intensity square root Δσ=σ D ∝ ffiffi ffi I p ( Fig. 1 ), in accordance with previous observations [2] . This can be explained by the equilibrium between quadratic recombination of the charges and their generation, through the formation of a complex between the excited photosensitive molecules and the solvent molecules [2] .
Results and Discussion
Photorefractive gratings were recorded with an Arþ laser at 514 nm; the linearly polarized beam was enlarged to a diameter size of 8 mm and split into two beams of equal intensity. Polarization of the recording beams was perpendicular to the plane of incidence; it was also perpendicular to the grating wave vector. Diffraction efficiency was measured with a linearly polarized beam of a He-Ne laser (632:8 nm). The intensity of 0:5 mW on a 1 mm diameter was lowered so that it cannot influence the grating formation. Relatively large writing beams simplify greatly the experimental setup, as it was easier to have a large recording surface. Absorption of the M3 sample at 514 and 633 nm was 36% and 9%, respectively. Samples were set up so that the angle between the sample normal and the bisector of the recording beams was 45°. Diffraction efficiency for a He-Ne laser depends on polarization, reaching a maximum value when oriented parallel to the grating wave vector and decreasing to 0 when perpendicular to it. No diffraction occurred in the absence of the applied dc electric field, or when angles between the bisector of the writing beams and the sample normal approached 0. These observations are consistent with the orientational photorefractive effect and pure index gratings observed in [2, 10] . With the same photorefractive grating formation mechanism and a similar chemical composition, the observed difference is attributed to an increase in fullerene concentration in M1 and M3.
Diffraction efficiency is defined as the ratio of the first-order diffraction beam and the incoming beam intensities η ¼ ðI −1 =IÞ, where scattering and absorption losses have not been subtracted from the incoming intensity. We estimated them to be about 30% by measuring the ratio of the beam probe intensity before and after the sample, in the absence of writing beams under the applied dc field. Figure 2 shows a typical dependence of the diffraction efficiency on the writing beam intensity for all mixtures. The diffraction intensity reaches saturation for M1 whereas, for M2, it is far from saturation for the writing intensities used. It should be noted that, in [9, 10] , a He-Ne laser was used for writing the gratings, with intensities of 4-5 W=cm 2 and similar diffraction efficiencies, whereas for M1 the saturation was obtained for writing intensities of about 20-30 mW=cm 2 , corresponding to a two-orders-of-magnitude improvement. For thin gratings, the index modulation can be estimated from η ∝ ðΔnπL=λÞ 2 , where L is the grating thickness. Estimates from Fig. 2 give values of Δn ∝ 3:5 × 10 −3 , which fits well with the maximum index modulation reported in [10] [3] , but an order of magnitude larger than in [8] . The diffraction efficiency for M1 reaches the saturation before Δσ=σ D approaches unity, in contrast to M3, indicating some influence of the polymer network.
Then we measured the diffraction efficiency dependence on the grating period (Fig. 3) . The 50 mW=cm 2 writing beam intensity is larger than the saturation value for the diffraction efficiency of M1 shown in Fig. 2 . For M3 at intensities larger than 50 mW=cm 2 , higher diffraction efficiencies are observed, but the cutoff grating period remains the same, which is enough to compare with M1. For M1 we observe a diffraction efficiency plateau from 7 to 40 μm. For M2, the plateau is from 10 to 30 μm, similar to [10] . For M3 we observe a diffraction efficiency peak at Λ x ≈ 40μm with a sharp cutoff at low grating periods and a smoother one at larger periods, which fits well to the theory and experiments [3] [4] [5] [6] [7] [8] . The observed diffraction efficiency dependence on grating period for M1 varies from what has been observed earlier for PSLC [9, 10] ; it also differs from observations on pure LC. We clearly observe an improvement in diffraction efficiency at low grating periods, which we attribute to the polymer network.
The counterpart is an increase in writing times to ∼20 s and quite long relaxation times of about ∼60 s for M1. These values should be compared to the recording and relaxation times (in absence of writing beams) that are typically observed in pure LC of ∼1 s [2, 3, 8] (the existence of fast ∼1 s components was reported in PSLC, also [10] ). This behavior indicates the existence of a charge-trapping mechanism either on the interfaces separating the LC domains or in the polymer network. Comparison of photocurrent dependence on light intensity and diffraction efficiency (Fig. 2) shows the polymer network influence, as the saturation in diffraction efficiency occurred a long time before the photocurrent reached the dark current value. According to [2] , in the absence of a polymer network, the electric field caused by charge separation can be written as
k B is the Boltzman constant, Δσ is the photoconductivity, σ D is the dark state conductivity,
speeds of negative and positive ions, and q is the grating wave vector. For PSLC, the liquid crystal is reoriented under the combined effect of the external dc electric field and the periodic electric field E ph . The higher the E ph , the larger the LC director deviation from the external field direction. As noted previously, the writing intensity for which the diffraction efficiency saturation occurs for M1 (as shown in Fig. 3 , ∼30 mW=cm 2 ) is much lower than the intensity at which Δσ=σ d1 , ∼300 mW=cm 2 . This means the maximum of the effective reorienting space-charge field is obtained at lower photocurrent than would be the case for electric fields given by Eq. (1). Such a discrepancy confirms the existence of a trapping mechanism due to the polymer network presence. We can take into account this trapping mechanism, in a phenomenological way, by modifying:
where C TR ðt; Δσ; qÞ corresponds to the trapped charges and depends on the history, similar to the memory effects observed in liquids and polymers. We may rightfully think that the first term reaches a steady-state value much faster than the second. The amount of trapped charges increases with time during the writing process to reach a saturation value, depending on the specific interaction chemistry between LC, polymer, and fullerenes and, in lower degree, to the photocurrent Δσ and grating period Λ x ∝ 1=q. When the saturated value of C TR ðt; Δσ; qÞ does not depend on Δσ; q, it corresponds to the approximation C TR ðt; Δσ; qÞ ∝ C TR ðtÞ. If we introduce this approximation into Eq. (2), assuming that C TR ð∞Þ > qvΔσ=ðΔσ þ σ d Þ, one would observe a diffraction efficiency plateau, as shown in Figs. 2  and 3 . The introduction of the memory function C TR ðt; Δσ; qÞ enables us to explain a part of our experimental observations. Accurate computation of the memory function C TR ðt; Δσ; qÞ is extremely difficult; even for simple cases of dense liquids, it requires a numerical approach or the introduction of uncontrolled approximations. It is hard to say at this stage what is the exact interaction mechanism between the polymer network and the positive and negative ions. We modified the model proposed in [2] by introducing a phenomenological parameter (memory function C TR ðt; Δσ; qÞ) that can explain that the diffraction efficiency saturates faster than the photocurrent, when one increases the recording beam intensity. It also explains the plateau appearance and the significant diffraction efficiency at small grating periods. In principle, the model proposed in [2] breaks down with the appearance of the trapped charges and one needs to establish a new one. In our opinion, it could be the subject of a separate theoretically oriented article. It would also require additional experiments for identifying what types of charge are getting more easily trapped by the network, as well as the influence of the polymer type on the trapping mechanism. At present, we can only emphasize the critical role of an efficient trapping mechanism for an explanation of the observed experimental data, based on the assumption that the main contribution arises due to the volume effect rather than the surface one observed in [5, 6] . It is hard to imagine a significant surface contribution in our experiments, as we do not have any particular surface treatment.
The plateaulike behavior of the memory function breaks down for small (less than 5 μm) and large (more than 50 μm) grating periods. At small grating periods the decrease of the space-charge field can be explained by Debye screening, as is proposed in [2] . The screening length calculated there was found to be about ∼5 μm, in agreement with our observations. Moreover, we can rightfully expect that the influence of the polymer network at small grating periods is not very pronounced and the model developed in [2] can be applied to our observations for very small grating periods (less than 5 μm). The slow decrease of the plateau at large grating periods is probably due to a different diffusion regime for the ions, but it is hard to identify a precise mechanism at present.
The charge-trapping mechanism offers a new insight for another way of using the photorefractive effect in PSLC. First, the external electric dc field is applied to PSLC and charges are trapped. Second, the external field is removed and only the spacecharge field operates. In such a case, LC would be reoriented in a larger degree and the index modulation would be larger (Fig. 4) . In addition, this improves greatly the PSLC resolution, approaching the resolution of photorefractive polymers with the benefit of smaller applied voltages. It should also be noted that a small residual external field can be necessary if one wants to observe diffraction gratings with the same periods. Otherwise, as the response of the nematic to electric field is quadratic, one would observe the grating with a period twice smaller than the recording one.
As can be seen in Fig. 3 , we have recorded a grating with a ∼1 μm period with a noticeable diffraction efficiency of η ∼ 2%. For a transparent PSLC without an external dc field, we could expect a high diffraction efficiency when the dc field is switched off. The proposed approach requires using a transparent PSLC because, in the phase-separated morphology observed for M1 and M2, the composite highly scatters in the absence of an external electric field. Such a transparent PSLC can be made by using a technique described in [14, 15] , where the polymer used for stabilization has a mesogenic side chain. Therefore, the polymer and the LC can form an oriented transparent phase. Another possibility is using a mesogenic monomer and polymerize it in a nematic LC phase.
To test this idea, we realized a transparent PSLC by mixing a nematic LC, 5CB; a mesogenic monomer, RM257; a photoinitiator, Igracure 651; and a photosynthesizer, [60]PCBM, with proportions of 89:4∶10∶0:5∶0:1. The mixture was filled into a 20 μm cell and UV cured at 50°C with 10 mW=cm 2 intensity. RM257 is a mesogenic diacrylate commonly used to stabilize polymer. After curing it forms a branched polymer network, preserving the LC orientation. The charge-generation process remains the same as for M1 and is due to the interaction between LC and fullerene. Other ways of preparing transparent PSLC are possible, such as is described in [14, 15] . The important point is the presence of the charge-trapping mechanism in the material bulk due to the presence of the polymer network.
To confirm the presence of the memory effect in this compound, we recorded a grating at a Λ x ¼ 2:5 μm period under a 5 V=μm applied electric field and a writing power of 50 mW=cm 2 . During the recording no diffraction of the He-Ne probe beam was observed. After 30 s we removed the writing beam and the applied dc field. We observed a slowly decaying grating with 4% efficiency. It confirmed the proposed operating method and the existence of a trapping mechanism in some PSLC. This mechanism operates differently in this mixture, as we do not observe a noticeable diffraction during the writing stage. This new material has a complex behavior with respect to the grating period and applied electric field, which will require further investigations.
A similar effect of an increase in diffraction efficiency after decreasing the applied external field was observed in [17] . They observed a similar memory effect, when the local space-charge field decreased more slowly than the external field, so that the relative contribution of the photogenerated space-charge field could increase during a certain time period. However, the polymer matrix in [17] is a conductive one, so that the trapping mechanism is different.
Conclusion
We found a fullerene derivative [60]PCBM soluble in high concentration in a polymer-LC composite, made of PMMA and E7. Solubility up to 0.5% was observed in pure LC, as well. An increase in fullerene concentration, operating as an efficient charge generator, resulted in an increase in diffraction efficiency. We obtained PSLC efficiency improvements with respect to previous work by a factor of 10-100, depending on the writing intensity and grating periods. High diffraction efficiency improvements have been observed in particular at small grating periods with respect to both LC and similar polymer-LC composites investigated previously. A part of the improvement could be attributed to an increase in charge generation, similar to that observed earlier in pure LC [8] . Another part was attributed to the trapping mechanism due to the polymer network. We proposed a phenomenological description of the trapping mechanism by introducing a memory function that describes the interaction of the photogenerated ions and the polymer network. On this basis, a new approach for designing high-efficiency polymer-LC composites has been proposed and is currently being investigated. The idea is to record the grating by trapping the charges in the bulk, via the polymer network, in the presence of an external electric field and to read it without an external applied field. In the absence of external electric fields, the media exhibits a higher index modulation, resulting in a higher diffraction efficiency, especially at small grating periods.
